Levels of genetic diversity of the malaria parasites and multiclonal infections are correlated with transmission intensity. In order to monitor the effect of strengthened malaria control efforts in recent years at the China-Myanmar border area, we followed the temporal dynamics of genetic diversity of three polymorphic antigenic markers msp1, msp2, and glurp in the Plasmodium falciparum populations. Despite reduced malaria prevalence in the region, parasite populations exhibited high levels of genetic diversity. Genotyping 258 clinical samples collected in four years detected a total of 22 PCR size alleles. Multiclonal infections were detected in 45.7% of the patient samples, giving a minimum multiplicity of infection of 1.41. The majority of alleles experienced significant temporal fluctuations through the years. Haplotype diversity based on the three-locus genotypes ranged from the lowest in 2009 at 0.33 to the highest in 2010 at 0.80. Sequencing of msp1 fragments from 36 random samples of five allele size groups detected 13 different sequences, revealing an additional layer of genetic complexity. This study suggests that despite reduced prevalence of malaria infections in this region, the parasite population size and transmission intensity remained high enough to allow effective genetic recombination of the parasites and continued maintenance of genetic diversity.
Introduction
Malaria continues to be a major public health problem in the developing world. Globally, there are estimated 225 million malaria infections each year, resulting in around a million deaths (WHO, 2011) . While most of malaria burden is in sub-Saharan Africa, Southeast (SE) Asia accounts for 10% of global malaria morbidity and 5% of global mortality from 2008. Within the SE Asian region, the Greater Mekong Subregion (GMS) has been one of the most serious foci of malaria, with immense geographical heterogeneity in disease endemicity, complex vector systems, and the co-existence of Plasmodium falciparum and Plasmodium vivax (Cui et al., 2012a) . Furthermore, the GMS is also a hotspot of multidrug resistant P. falciparum, and recent detection of artemisinin resistance in this area has raised considerable global concern (Dondorp et al., 2009; Noedl et al., 2008) . Another notable feature of malaria epidemiology in the GMS is "border malaria", with most of the malaria cases concentrated along international borders. Cross-border human migration, which is difficult to monitor and responsible for malaria reintroduction, is an important challenge for malaria control. Therefore, knowledge of accurate malaria epidemiology at both macro and micro scales is needed for targeted malaria control, especially during the elimination phase.
Globally, malaria parasite populations exhibit great genotypic and phenotypic diversity (Kemp et al., 1990) , which allows the parasites to overcome antimalarial drugs, vaccines and vector control strategies. Allelic polymorphism and sexual reproduction, which is responsible for both classical meiotic recombination and nonreciprocal recombination events, contribute to the generation of genetic diversity. Many cross-sectional studies have established a correlation between transmission intensity and genetic diversity (Hoffmann et al., 2001; Paul et al., 1998) . In hyperendemic areas, patients tend to harbor more than one parasite isolate, which favors genetic recombination and generates higher genetic diversity. Conversely, in areas of low endemicity, parasite populations experience significant levels of inbreeding. In addition to transmission intensity, other factors such as selective sweeps, resulting from vaccines and drugs, can greatly influence genetic diversity. Such variability in transmission intensity and genetic diversity may have important consequences with regards to the effectiveness of control measures (such as vaccine deployment) as well as the spread of antimalarial resistance.
Historically, the China-Myanmar border areas have been considered malaria hyperendemic, exhibiting the characteristic "border malaria" phenomenon (Cui et al., 2012a) . This region has also had quite different antimalarial drug policies in the past, and drug selection has resulted in parasite genotypes that are drastically different from other parts of the GMS (Meng et al., 2010; Yang et al., 2011) . In recent years, with increased funding to control malaria from governments and the Global Fund to Fight against AIDS, Tuberculosis and Malaria, malaria control efforts in this region have intensified. Among the control measures are insecticide-treated bednets and artemisinin-based combination therapy (ACT) for P. falciparum malaria. As a result, malaria incidence has been significantly curtailed (Cui et al., 2012b) . Whereas accurate malaria epidemiology data in the neighboring Myanmar regions are not available, malaria situation in this region is well reflected in the reduction in malaria cases in the border counties of Yunnan province in recent years (Clements et al., 2009 ). In addition, China is mobilizing towards malaria elimination in the near future. It is therefore critical to evaluate the impact of the control on malaria epidemiology in this region.
In this study, we assessed the genetic diversity of the P. falciparum parasites from the ChinaMyanmar border area near Laiza, Myanmar. Using longitudinal clinical samples, we studied the allelic diversity of genes encoding the polymorphic antigens, including merozoite surface protein (msp)-1 and -2, as well as glutamate-rich protein (glurp), and determined the temporal dynamics of their prevalence in this region.
Materials and methods

Collection of clinical parasite samples
P. falciparum samples were collected in 2007-2010 from patients presenting with uncomplicated malaria infection at two malaria clinics in Laiza township at the ChinaMyanmar border area. These malaria clinics, located ~0.8 Km apart, provide malaria diagnosis and treatment to patients in a catchment area of ~20 Km radius. In this area, malaria transmission occurs perennially but is most intense during the rainy season from April to October. Samples from these two clinics were pooled for analysis. A total of 284 P. falciparum clinical isolates from patients aged 3-66 were collected. The samples collected in different years were not from the same patients. Only patients with clinical symptoms and microscopically confirmed P. falciparum infection were enrolled in this study. Written informed consent was obtained from the participants or guardians. The human subjects protocol for this study was approved by the Institutional Review Board of Kunming Medical University. Malaria infection was diagnosed by microscopic examination of Giemsa-stained thick and thin blood films. If P. falciparum infection was confirmed, 0.2 ml of finger-prick blood was spotted on a piece of Whatman 3MM filter paper and used for molecular studies.
Allelic typing of P. falciparum msp1 and msp2, and glurp genes
For genotyping, parasite genomic DNA was extracted from the filter papers by using a QIAamp DNA microkit (Qiagen, Germany) following the manufacturer's instructions. DNA was eluted in 80 μl of elution buffer. DNA was genotyped at msp1 (block 2), msp2, and glurp using nested PCR by previously described methods (Kaneko et al., 1997; Viriyakosol et al., 1995) . The primary PCR products were used in nested reactions with allele familyspecific primers for K1, MAD20, and RO33 of msp1, and for FC27 and 3D7 of msp2. Final PCR products were separated in 2% agorose gel, stained with ethidium bromide and visualized under UV light. The lengths of the PCR products were estimated based on their mobility relative to the DNA size standard (TaKaRa, Japan). DNA fragment sizes were binned into different classes of ~50 bp ranges with each bin assigned as an allele.
Estimation of parasite clone numbers per sample
The minimum number of parasite clones per sample, or the multiplicity of infection (MOI), was defined as the largest number of alleles at any one locus detected in the sample (Paganotti et al., 2004b) . For this study, alleles were identified based only on type and fragment size of the amplified PCR products. If an isolate had one allele at each of the three loci, this sample was considered to have monoclonal infection. This method is conservative and may underestimate the number of clones likely to be present in the samples. Yet, this may best reflect the level of endemicity in this area. The tri-allelic haplotypes and their relative annual frequencies were assessed only from infections with no more than one locus showing multiclonal infections.
Sequence analysis of genetic polymorphism of msp1 block 2
In order to further examine the genetic diversity of the parasite population, we sequenced msp1 block 2 DNA fragments from PCR products showing similar molecular sizes in agarose gels. The PCR products were purified from the gel using a Gel extraction mini kit (Watson Biotechnologies, Inc.) and prepared for sequencing. Partial gene sequences were obtained from each end of the PCR product using the same primers for the nested PCR reactions. DNA sequences were assembled and BLAST searched in GenBank to identify identical or similar sequences.
Statistical analysis
We compared counts of samples by MOI status, genotype, year using Pearson's χ 2 test and Fisher's exact test. The Student-Newman-Keuls test was used for a post-hoc analysis of the MOI data across the study years.
Results
Size polymorphisms of msp1, msp2 and glurp
Of the 284 patient samples collected, 3.2% (msp1), 4.9% (msp2), and 1.4% (glurp) failed to produce PCR results, while 258 were successfully genotyped at all three loci. The PCR fragment sizes for msp1, msp2 and glurp were 150-300 bp, 250-550 bp, and 500-1000 bp, respectively ( Fig. 1) . Both msp1 and msp2 showed eight size classes, whereas glurp had six size classes. For msp1 and msp2, all allele types identified earlier (K1, MAD20, and RO33 for msp1, and IC/3D7 and FC27 for msp2) were amplified, with each further subdivided into multiple size alleles. For msp1, the overall frequencies of the K1, MAD20 and RO33 allele types were 30.2%, 41.7%, 28.2%, respectively. The top three most abundant alleles were MAD20-200 bp, RO33-200 bp, and K1-200 bp, which occurred at frequencies of 36.1%, 24.3% and 19.5%, respectively (Fig. 1) . The 3D7 and FC27 allele types for msp2 were about equally abundant in the samples. The most prevalent allele 3D7-525 bp occurred at 49.4%. Glurp gene had six size classes, of which the 800 bp size allele had the highest prevalence of 37.8%. It is noteworthy that there were rare size alleles for each of the three loci with frequencies below 2% (e.g., Msp1-MAD20-150, Msp2-3D7-250, Msp2-3D7-400).
Longitudinal variation
For the samples collected in 2007, 2008, 2009, and 2010, 53, 58, 123 and 24 samples were genotyped at all three loci, respectively. Most alleles were already present in earlier years and only a couple of minor new alleles were detected in successive sample years. For the msp1 allele types, K1 (P=9.403, χ 2 test, df=3) and RO33 (P=100.61, χ 2 test, df=6) varied significantly across the years. However, no significant annual fluctuations were detected for MAD20 (P=4.570, χ 2 test, df=6). A significant increase in frequency was detected for the K1-275 bp allele in 2009. The RO33-150 bp allele occurring at 16.9% in 2007 essentially disappeared in subsequent years, whereas the minor allele RO33-200 bp gained higher frequencies, reaching 37.4% in 2009 (Fig. 2) . For msp2, the IC/3D7 type alleles did not vary much across the years (P=0.740, χ 2 test, df=3), and the 525 bp allele size remained the most prevalent allele throughout the study years, with frequencies close to 50% (Fig. 2) . However, the frequencies of the FC27 allele sizes experienced significant annual fluctuations (P=151.5, χ 2 test, df=12). Of particular interest, the predominant FC27-250 bp allele in 2008 (47.8%) was essentially undetected in subsequent years, and appeared to be gradually replaced by the 300 bp allele, which reached 47.1% in 2010. Similarly, glurp allele frequencies varied widely across the years (P=99.6, χ 2 test, df=15) and allele replacement in the populations was also evident (Fig. 2) . In 2010, the parasite samples had the least diversity for both msp2 and glurp, with only 2 msp2 and 3 glurp size alleles.
Multiclonal infections
Of the 258 samples successfully genotyped at the three loci, 54.3% had a single band at each of the three loci, indicating monoclonal infections by our definition. Genotyping msp1 and msp2 resulted in a significantly higher power of detecting mixed strain infections when compared to genotyping glurp (Table 1) . Analysis of msp1 and msp2 alone detected 30.1% and 21.3% of the multiclonal infections, respectively, whereas analysis of glurp only detected 1.6% multiclonal infections. Combining all three markers detected a total of 45.7% multiple clonal infections, giving a minimum MOI of 1.41 (Table 1) . Based on msp1, the proportions of single infections with K1, MAD20 and RO33 allelic types were 25.5 %, 32% and 10.2%, respectively. For msp1, the most common multiclonal infections had the combination of two different allele types (MAD20 and K1) instead of combination of different allele sizes within the same allele types. In the four years, the level of multiclonal infections ranged from 22.4% in 2008 to 61.8% in 2009 (Table 1) . Similarly, the average MOI ranged from 1.22 to 1.62. The lowest MOI was in 2008, which was significantly lower than those in 2007 and 2009 (P=28.4 , χ 2 test, df=3) .
Haplotypes defined by a combination of three polymorphic loci
Genetic diversity of the parasite populations were further estimated using a combination of three loci. Based on the three-locus genotype, a total of 112 haplotypes were differentiated; 42, 34, 58, and 20 in 2007, 2008, 2009 and 2010, respectively (Fig. 3) , resulting in haplotype diversity of 0.62, 0.51, 0.33 and 0.80, respectively. The numbers of 3-locus haplotypes did appear to be proportional to the number of samples analyzed for each year. Each year there were 3-5 haplotypes occurring at much higher frequencies (5-12%) than other haplotypes (Fig. 3) . Among them, three were found in more than one year: 
Increased genetic diversity from sequencing analysis
To determine the genetic diversity within the same allele bins, we selected msp2 block 2 PCR products from 36 monoclonal infections for sequencing, which included five different alleles. Sequencing analysis revealed an additional layer of genetic complexity, even though many of the sequences appeared to have similar fragment lengths and were binned together. While sequenced fragments were chosen from the 150 bp and 200 bp bins, the sequence data showed that the actual fragment lengths were 159 and 168 bp for the 150 bp bin, and 186 bp and 195 bp for the 200 bp bin (Table 2) . From the 36 PCR products, 13 different genotypes were identified. For K1-150, MAD20-200, and RO33-150 alleles, the prevalent genotypes were PF-K1-2, PF-M7 and PF-R1, representing 6/8, 9/16, and 6/9 of allele fragments sequenced, respectively (Table 2) .
Most sequence variations in block 2 of MSP1 were created by rearrangement of a limited number of building blocks (Fig. 4A ). In the K1 type alleles, the tripeptide repeat region begins with SAQ and terminates with SGT, and differs in the number of tripeptide repeats. In the MAD20-type alleles, the repeat region mostly starts with one of two different tripeptide sequences SGG or SKG, and in many cases ends with a hexapeptide sequence SVASGG. The diversity of the MAD20 allele type was also primarily due to differences in repeats of SGG, SVT and SVA. A BLAST search of the GenBank showed that 12 of the 13 sequences were identical to those reported earlier. Specifically, the K1 sequences matched those identified from the GMS (Jongwutiwes et al., 1992; Kang et al., 2010; Tanabe et al., 2007) , whereas the MAD20 sequences were identified earlier in Myanmar, South Asia, South America, and Africa (Ferreira et al., 2003; Jiang et al., 2000; Noranate et al., 2009 ). In comparison, the two RO33 sequences were identified earlier in South America and Africa. PF-M6 was a new sequence found in this study, most closely related to M77722 and AAF18429 in the GenBank, which was identified from Thailand and Indonesia, respectively (Fig. 4B) . The PF-M6 sequence had an extra SVA repeat when compared with the Thai isolate, and different from the Indonesian isolate by a single G/S substitution.
Discussion
To better understand the population structure of the malaria parasites at the China-Myanmar border area, we performed longitudinal analysis of genetic diversity of the P. falciparum populations. Genotyping field isolates from this area by allele-specific PCR for msp1 (block 2), msp2 (block 3) and glurp revealed extensive genetic diversity and a high degree of MOI.
The extensive polymorphisms in these vaccine candidates are a major impediment for subunit vaccines against the malaria parasites. Both msp1 and msp2 had eight PCR size alleles, as compared to six alleles for glurp. For msp1, MAD20 was more common than K1 and RO33, similar to other parts of the GMS such as Yunnan Province, China , Laos (Khaminsou et al., 2011) , and Thailand (Snounou et al., 1999) . However, the result is drastically different from a recent report from central Myanmar, where the RO33 allele type was not detected (Kang et al., 2010) . For msp2, 3D7 and FC27 were about equally prevalent, which is similar to parasite populations from the GMS such as Thailand (Snounou et al., 1999) and Laos (Khaminsou et al., 2011) , and from nations within South Asia such as India and Pakistan (Najia et al., 2010; Rout et al., 2009 ), but different from parasite populations from other parts of SE Asia such as Malaysia (Atroosh et al., 2011) .
The similarity of parasite genetic makeup in the GMS and neighboring regions may be due to shared or similar demographic histories of the parasite populations and/or population mixing from neighboring areas. Since the GMS and neighboring areas are quite heterogeneous in terms of malaria endemicity, and since these reports spanned across more than a decade, the distribution of the allelic types does not seem associated with levels of endemicity, as reported earlier from Africa (Paganotti et al., 2004a) . Though malaria control efforts have decreased malaria transmission in this area over time (Clements et al., 2009 ), the extensive genetic diversity detected in recent years might be the result of previously high levels of malaria endemicity.
Overall, genotyping the msp1 and msp2 loci offers a convenient assessment of parasite population diversity. In addition, this study identified six glurp alleles, and in some endemic areas adding this marker is necessary to achieve adequate levels of parasite differentiation (Gatton and Cheng, 2008) . However, this marker seemed to offer little power in detecting multiclonal infections in this study area. Whereas allele-specific PCR alone allows identification of a dozen of allele types, the power of detection could be enhanced by highresolution genotyping (Schoepflin et al., 2009) , because sequences within the same fragment size bins can differ by ~10 bp. Furthermore, when 3-locus genotypes are considered, at least 112 different parasite isolates could be differentiated from the 258 patient samples successfully genotyped. At this sensitivity level, there were multiple clusters of parasites showing identical 3-locus genotypes, suggesting of high relatedness of these parasite isolates. This result is consistent with the parasite populations at the Thai-Myanmar border area, where significant relatedness between parasite isolates was found by genotyping multiple microsatellite loci (Anderson et al., 2010) . This may indicate that clusters of common parasite clones are circulating in this endemic area, which might also be the result of selection by antimalarial drugs.
The level of genetic diversity and multiplicity of infections generally reflect the level of transmission intensity, albeit their relationship is not linear (Hoffmann et al., 2001; Paul et al., 1998) . In this study, the proportion of patients exhibiting multiclonal infections ranged from 22.4 to 61.8%, which appeared unproportionally high compared with the current hypoendemic status of this region. The high levels of genetic diversity persistent through the years suggest that the parasite population size remained large enough to allow effective mixing of genotypes. In addition, extensive human migration in the border area should increase genetic diversity by introducing additional parasite genotypes (Cui et al., 2012b) .
Although the lower number of alleles detected in 2010 might reflect stronger selection on the parasite population as a result of enhanced control, it was most likely related to the smaller sample size analyzed in 2010 (since the MOI remained consistently high). Whereas the large variation in the MOI among the years might truly reflect the dynamics of mixed infections in different years, other factors such as parasite collection sites and time also might be partially responsible. In the future more accurate quantification of MOI may be achieved through next generation sequencing of polymorphic genes from patient samples, which offers an unparalleled opportunity for accurate assessment of genetic diversity within individual patients (Gandhi et al., 2012) .
Plasmodium parasite merozoite surface antigens are under strong selection from the host immune system. Infections generate a form of strain-specific immune response against the respective antigens, which biases against reinfection by parasites carrying identical and closely-related forms of the antigens. As a result, temporal variation in the prevalence of specific genotypes of the antigens is expected within parasite populations. For example, at both the parasite population and individual host levels, significant levels of temporal replacement of the msp2 alleles have been reported in several endemic sites (Eisen et al., 1998; Eisen et al., 2002; Putaporntip et al., 2008) . This study showed that some genotypes (such as msp1/RO33, msp2/FC27, and glurp) experienced significant fluctuations across study years, whereas other alleles were more or less stable. Similarly, most 3-locus haplotypes were highly dynamic through the years, while some haplotypes remained the most abundant across several years. The study area undergoes seasonal fluctuations in malaria incidence, with most cases detected in the rainy season from April through October. How the parasite diversity is retained through the "bottleneck" dry season is unknown, but it seems to also occur in other endemic areas with seasonal transmission dynamics (Babiker et al., 1998; Zwetyenga et al., 1999) .
As demonstrated in numerous cases, sequencing the polymorphic regions of the antigens provides the best estimate of genetic complexity (Eisen et al., 1998; Weisman et al., 2001) . Sequencing analysis of selected msp1 block 2 fragments from 36 patients from the study population further differentiated five size alleles into 13 sequence genotypes. It is noteworthy that most sequences identified in this study are identical not only to those from neighboring regions in SE Asia, but also to those from other continents. The high level of sequence diversity of block 2 is expected, since it is a principal target of human immunity, and antibodies against this domain are strongly associated with protection from P. falciparum malaria (Conway et al., 2000) . It is likely that the diversity of block 2 is maintained by balancing selection from host immunity whereby multiple different alleles are kept in the population. Therefore, it would be interesting to determine the level and dynamics of strain-specific antibodies to block 2 and its relationship with the dynamics of msp1 genotypes in the parasite populations.
Taken together, in spite of intensified malaria control and the resulting reduction in malaria incidence in the China-Myanmar border area, the P. falciparum parasite population remained highly diverse at the three antigenic loci analyzed in this study: msp1, msp2 and glurp.
Likewise, the high MOI suggests effective genetic recombination of the parasites, and the continued maintenance of genetic diversity. Throughout the years of this survey, parasite genotype frequencies underwent significant fluctuation, which may be due to selection pressure from host immunity and/or drugs, as well as contraction of parasite population size resulting from malaria control. Continued surveys of the parasite population genetics in this region are necessary for monitoring the effect of the malaria control and elimination campaign, which are now being unfolded in this region. It is also noteworthy that the samples were from symptomatic patients attending local malaria clinics, while asymptomatic parasite carriers were missed. Future studies from active case detection might be needed to include both populations in order to obtain more accurate assessment of the genetic complexity of the parasites.
Highlights
• P. falciparum at China-Myanmar border is highly diverse at three antigenic markers.
• The annual prevalence of most genotypes varies considerably between the years.
• Additional genetic complexity is revealed by sequencing of msp1 block 2.
• High multiplicity of infection favors effective maintenance of genetic diversity. Distribution of PCR fragment size alleles of msp1, msp2 and glurp. For msp1 and msp2, the alleles are also differentiated by the allele types (K1, MAD20 and RO33 for msp1, and 3D7 and FC27 for msp2). PCR allele sizes (150 -1000) are in bp. The prevalence (%) of different 3-locus genotypes in the clinical samples. The graph shows the diversity and prevalence (%) of different 3-locus genotypes in the four years. Only genotypes with >5% prevalence are shown in the legends and marked in the columns. Note that the three genotypes with >5% prevalence and present in more than one year are highlighted in bold. Annual prevalence of multiclonal infections in P. falciparum clinical samples. 
